Introduction. Cesarean section rates continue to increase globally. Prediction of intrapartum cesarean section could lead to preventive measures. Our aim was to assess the association between sonographically measured cervical length at 37 weeks of gestation and cesarean section among women planning a vaginal birth. The population was women with a low-risk pregnancy or with gestational diabetes. Material and methods. This was a prospective cohort study conducted in a tertiary referral hospital in Sydney, Australia. In all, 212 women with a low-risk pregnancy or with gestational diabetes were recruited including 158 nulliparous and 54 parous women. Maternal demographic, clinical and ultrasound characteristics were collected at 37 weeks of gestation. SemiBayesian logistic regression and Markov chain Monte Carlo simulation were used to assess the relation between cervical length and cesarean section in labor. Results. Rates of cesarean section were 5% (2/55) for cervical length ≤20 mm, 17% (17/101) for cervical length 20-32 mm, and 27% (13/56) for cervical length >32 mm. These rates were 4, 22 and 33%, respectively, in nulliparous women. In the semi-Bayesian analysis, the odds ratio for cesarean section was 6.2 (95% confidence interval 2.2-43) for cervical length 20-32 mm and 10 (95% confidence interval 4.8-74) for cervical length >32 mm compared with the lowest quartile of cervical length, after adjusting for maternal age, parity, height, prepregnancy body mass index, gestational diabetes, induction of labor, neonatal sex and birthweight centile. Conclusions. Cervical length at 37 weeks of gestation is associated with intrapartum cesarean section.
Introduction
There is a global trend of increasing cesarean section rates, with close to a third of all term pregnancies delivered in this manner in Australia (1) . An unplanned emergency cesarean section is associated with significant maternal and neonatal morbidity (2, 3) . One of the most common indications for unplanned emergency cesarean sections is slow progress in labor (4) . There is evidence that functionality of the uterocervical unit during labor is preprogramed very early in the pregnancy (5) . In pregnancies approaching term, this machinery is activated, preparing the uterocervical unit for labor. There have been many attempts to quantify the risk of emergency cesarean section in a general obstetric population using logistic regression models (6) (7) (8) (9) (10) (11) (12) (13) . A model would need to have a high positive predictive value if it was to be used to select women at high enough risk to be offered elective cesarean section (14) or alternatively, could be used to offer an intervention such as induction of labor to improve the chances of a vaginal birth (15) .
Most predictive models include certain maternal characteristics such as maternal body mass index (BMI) or height and some fetal characteristics such as birthweight to predict risk of cesarean section. Another omnipresent variable in these models is some description of the state of the uterocervical unit in terms of "readiness" for labor. The Bishop score (16) for cervical status is still useful in this regard, but other ultrasound-based methods for assessment of cervical length have been found to be as predictive as and less inconvenient to the parturient than the Bishop score (17) . As a screening test, ultrasound assessment of the cervix would therefore find greater acceptance among women.
Barring a handful of workers (11, 18) , modeling to predict risk of cesarean section has been based on studies conducted in women in whom labor was to be induced straightaway. In this setting, while a longitudinal assessment of cervical "readiness" over the last few weeks of the pregnancy would be ideal, this would be impractical. The next best alternative, from a screening perspective, would be to assess the state of the cervix at 37 weeks of gestation.
In this study, we set out to determine whether cervical length at 37 weeks of gestation is associated with intrapartum cesarean section after adjusting for maternal and fetal characteristics.
Material and methods
This was a prospective cohort study. The study factor was cervical length and the primary outcome was cesarean section. Participants were pregnant women who planned a vaginal birth at Royal Prince Alfred Hospital, a tertiary referral hospital in Sydney Australia with about 5000 births per year. Written informed consent was obtained from all participants. The study is reported according to guidance provided by the STROBE statement guidelines for reporting observational studies (19) .
Entry criteria included singleton gestations at ≥37 weeks 0 days and ≤38 weeks 0 days; cephalic presentation; planned vaginal birth; attendance at a low risk midwives' clinic or the gestational diabetes mellitus (GDM) clinic; and no indication for induction of labor at the time of recruitment other than GDM. Exclusion criteria were: type I or II diabetes; hypertensive disease in pregnancy (systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg on at least two occasions at least 6 h apart before recruitment); suspected fetal compromise (ultrasound measured abdominal circumference <5th centile, abnormal fetal Doppler studies, oligohydramnios, or a nonreactive antenatal cardiotocography before recruitment); previous cesarean section or other uterine surgery; and any indication for elective cesarean section. If women were eligible at the time their ultrasound was performed and then developed hypertensive disease in pregnancy or suspected fetal compromise, they remained in the study.
Women were recruited from the antenatal diabetes clinic by a consultant obstetrician (BdV) and from the low-risk midwives' antenatal clinics by the midwife caring for the woman. Recruitment occurred from 2011 to 2013.
The following data were collected at 37 weeks of gestation: maternal ethnicity, age, level of education, prepregnancy BMI, current BMI, height, parity, GDM (diagnosed by glucose tolerance test with 75-g load: fasting blood glucose level ≥5.5 mM, 1-h level ≥10 mM, or 2-h level ≥8 mM), requirement for insulin; and ultrasound-based fetal biometry, well-being parameters and cervical length. The following data were collected retrospectively from the medical records: mode of birth, gestational hypertension (systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg on at least two occasions ≥6 h apart), indication for operative delivery, birthweight, neonatal sex, induction of labor and gestation at delivery.
Abdominal and transvaginal ultrasound scans were all performed at ≥37 weeks plus 0 days and ≤38 weeks plus 0 days gestation. Fetal biometry [biparietal diameter (20) , head circumference (20) , abdominal circumference (20) , femur length (20) , amniotic fluid index (21) , umbilical artery and middle cerebral artery Doppler waveforms (22) ] were measured using standard techniques. Estimated fetal weight was calculated using the Hadlock IV formula (23) . Transvaginal ultrasound was used to measure cervical length. The scans were performed using one of four GE Voluson 730 Expert, two Voluson E8 machines (GE Healthcare, Milwaukee, WI, USA) or one Medison A20 machine (Samsung Medison, Seoul, South Korea), with 5-9 MHz probes. The technique for cervical length measurement used in our department is standard, and aligned to that specified by the Fetal Medicine Foundation: straight-line measurement of the distance from the internal to the external ultrasonographic end-points of the cervical canal. All sonographers were trained in this technique, and credentialed under local policy. Three transvaginal measurements of the cervical length were taken (24) and the mean measurement was used in the analysis.
During the study period, labor was routinely induced at approximately 41 weeks and 4 days of gestation for uncomplicated pregnancies; at ≥39 weeks plus 0 days and ≤40 weeks of gestation for gestational diabetes requiring insulin; and ≥40 weeks 0 days and ≤41 weeks for gestational diabetes that was well controlled on diet. Cervical ripening was with 0.3 mg/h slow-release intravaginal dinoprostone over 12 h for a Bishop's score <7. Induction of labor was by artificial rupture of the membranes then oxytocin infusion commencing at 1 mU/min and adjusted every 30 minutes to a maximum of 32 mU/min. Vaginal examinations were performed every 4 h in the first stage of labor, every 2 h from 8 to 10 cm dilatation, and hourly in the second stage of labor. The loading dose for epidural analgesia was 0.125% marcaine with 2 lg/mL fentanyl followed by an infusion of 0.125% ropivacaine with 5 lg/mL fentanyl at 6-8 mL/h with bolus top-ups as required. Augmentation was considered for cervical dilatation of <2 cm in 4 h or poor contractions during the active phase of labor. Continuous intrapartum electronic fetal monitoring was used for all women with insulin-requiring gestational diabetes. Cesarean section was performed for failed induction, failure to progress in labor, or for nonreassuring fetal heart rate pattern and/or abnormal fetal scalp lactate in labor.
Normally distributed data were reported as means AE standard deviations and non-normally distributed data were reported as medians and interquartile ranges. T-tests were used to compare the means of two groups of normally distributed data when the variances were similar. The Wilcoxon rank sum test was used to compare the distributions of two groups of non-normally distributed data. Chi-squared tests were used to compare proportions. Based on the funding and resources available we estimated that we would be able to collect information on 200 women over 2 years. Due to the small number of primary outcome events, multivariable models were fitted using semi-Bayes logistic regression and the Markov chain Monte Carlo (MCMC) procedure as described by Sullivan and Greenland (25) using 100 000 iterations. Birthweight was adjusted to an expected value at 37 weeks of gestational age using centile curves for our institution (26) . Explanatory variables were tested for linear association with the logit function of the outcome by grouping into quartiles and plotting the b-coefficients against the midpoints of each group. Nonlinearly associated variables were dichotomized or in the case of cervical length partitioned into three groups: the lowest quartile, the middle two quartiles and the highest quartile, on the basis of a similar rate of intrapartum cesarean section within the middle two quartiles. For the semi-Bayes regression, normal priors (b) were constructed such that the corresponding odds ratios (e b ) were between l and 8 with 95% confidence for age, gestational diabetes, male baby, height >164 cm, birthweight centile ≥ median and BMI > 25 kg/ m 2 , and between 4 and 15 with 95% confidence for nulliparity. No priors were specified for induction of labor or cervical length. Explanatory variables were selected on the basis of known or suspected associations with intrapartum cesarean section described in the medical literature. Due to the small number of parous women recruited and their low rate of cesarean section, a posthoc analysis was performed on nulliparous women only. All analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA).
Ethical approval
The study was approved by the ethics committee of the Royal Prince Alfred Hospital in 2010 (protocol number X10-0219).
Results
Figure 1 summarizes the number of women screened for eligibility. A total of 351 consecutive patients attending the gestational diabetes clinic were screened between November 2010 and August 2013, of whom 275 were eligible and 110 participated. Six hundred women from the Midwives' clinic were screened for eligibility of whom 557 were eligible and 102 participated.
Among low-risk women from the midwives' clinic, 43/ 102 (42%) were induced and there were no elective cesarean sections (Table 1 ). There were 26 (25%) instrumental deliveries and 12 (12%) cesarean sections in labor. Among women with gestational diabetes, 65/110 (59%) were induced and 2/110 (2%) had an elective cesarean section (Table 1 ). There were 25 (23%) instrumental deliveries and 18 cesarean sections in labor (18%). Among the 30 cesarean sections in labor, 14 (47%) were for failure to progress, 15 (50%) were for fetal distress, and one (3%) was for an active genital herpes simplex virus infection. There were two prelabor cesarean sections: one for an oblique lie and one for a persistently high presenting part. Table 2 shows the results of the univariable analysis for demographic and clinical factors. Women who had a cesarean section were older, shorter, more likely to be nulliparous, have a male baby or a baby with a higher birthweight, and had a higher amniotic fluid index than women who had a vaginal birth ( Table 2 ).
The mean cervical length was 25.4 mm (95% CI 24.0-26.7) for women who had a vaginal birth, and 30.4 mm (95% CI 27.8-33.0) for women who had a cesarean section, a difference that was statistically significant (t 211 = 2.96, p = 0.003) ( Table 3) . For nulliparous women, the cervical lengths were 24.4 and 30.7 mm, respectively (t 157 = 3.69, p = 0.003). When cervical length was categorized, there was a progressive increase in cesarean section rates for increasing cervical length group (Table 3 ). There were no significant differences in other ultrasound parameters. In the subgroup of 14 women who had a cesarean section for failed induction or failure to progress in labor, the mean cervical length was 33.2 mm (95% CI 29.3-37.1).
No variables had a linear relation with the logit function of the primary outcome (cesarean section) and hence all explanatory variables were categorized. In the final models, cervical length, parity, maternal height, gestation at delivery, prepregnancy BMI and birthweight centile were independently associated with cesarean section in both the semi-Bayes and the MCMC analyses (Table 4 ).
Discussion
Our main finding was that ultrasound-measured cervical length at 37 weeks of gestation was associated with subsequent cesarean section among women planning vaginal birth after adjusting for maternal age, height, prepregnancy BMI, parity, neonatal sex and birthweight centile. A cervical length of 20-32 mm was associated with an odds ratio of 6.2, and a cervical length of >32 mm was associated with an odds ratio of 10 for cesarean section compared with women in the lowest quartile of cervical length. Gestational diabetes treated in a multidisciplinary clinic was not independently associated with intrapartum cesarean section compared with low-risk pregnancies. Induction of labor was not associated with cesarean section. These results are important because attempts to model and predict intrapartum cesarean section have been largely unsuccessful. They suggest that the addition of cervical length to known maternal predictors of intrapartum cesarean section such as parity, age, height, BMI, weight gain, pelvis measurements, ethnicity and fetal predictors such as ultrasound biometry, fetal sex and fetal station (7, 9, (27) (28) (29) will contribute to the antenatal assessment of risk. In turn, more accurate antenatal prediction of risk would lead to improved antenatal counseling and the possibility of offering interventions to reduce the risk of operative delivery. One possibility that deserves further research is to offer induction of labor for reducing the risk of intrapartum cesarean section (15) .
Our results do not support the use of cervical length alone as a predictor of cesarean section. For example, for a cut-off of 32 mm, the sensitivity for predicting cesarean section was only 41% (13/32) and the false-positive rate was 24% (43/180). The potential value of antenatal cervical length lies in combining it with other known predictors of cesarean section in labor, with appropriate model validation (30) . We chose to assess cervical length because it provides a single reproducible numerical measurement, but digital vaginal examination, which is less expensive and more readily available, could play a similar role (31) .
Our results agree with several other studies. The first, a study in the UK, showed a positive association between cervical length on transvaginal ultrasound at 37 weeks of gestation among 1571 women of mixed parity and subsequent cesarean section, but did not adjust for potential confounders (14) . The second, an Australian study, showed a positive association between cervical length on translabial ultrasound among 202 nulliparous women at 36 to 40 weeks of gestation and subsequent cesarean section, but did not adjust for fetal factors or maternal height (9) . A third cohort study in Korea among 453 nulliparous women showed no association between cervical length on transvaginal ultrasound at 37 weeks of gestation and subsequent cesarean section (11) . The reason for the apparent discrepancy between the latter study and the other three (including our own) is not easily explained. It is conceivable that differences in maternal characteristics or management practices modified the association between cervical length and route of delivery.
The association between cervical length and cesarean section is physiologically plausible and could be mediated by a disproportion between the fetal presenting part and the maternal bony or soft-tissue pelvis, resulting in less downward pressure on the cervix and less release of endogenous prostaglandins and subsequent cervical change. Alternatively, a firmer, longer cervix could offer greater resistance against uterine expulsive forces during parturition or represent dysfunctional development of the uterus much earlier in pregnancy, a possibility supported by the finding that the association between cervical length and cesarean section is already present in the second trimester (7) .
This study has some limitations. The sample size was small, which resulted in relatively wide confidence intervals for our point estimates of odds ratios and limited the number of explanatory variables in our models. Another limitation is the use of birthweight adjusted to 37 weeks of gestation as a covariate, which cannot be used as part of an antenatal predictive model because birthweight is unknown antenatally. However, as the primary aim of the study was to assess the impact of a single variable on intrapartum cesarean section we used this variable rather than estimated fetal weight, which has greater variability (32) .
The study also has some strengths. Its prospective nature reduced the risk of selection bias. All women were followed up for the primary outcome, eliminating the risk of attrition bias. By using semi-Bayesian and MCMC techniques we could adjust for a larger range of maternal and fetal variables known to impact on the risk of intrapartum cesarean section than would have been possible using traditional logistic regression. Our observation in the multivariable analysis that increasing maternal age, prepregnancy BMI, height, birthweight centile and male fetus are associated with subsequent cesarean section is consistent with previous studies and provides ancillary evidence that our analyses accurately identified independently associated explanatory variables. Future research should aim at confirming our findings prospectively with larger samples. There is scope to assess new potential predictors of cesarean section in labor such as fetal station (9), angle of progression (33) and perineum-head distance (34) measured on transperineal ultrasound. These data could be used to identify women at high risk of cesarean section towards whom preventive strategies such as induction of labor (15) could be directed.
Conclusion
Increasing cervical length at 37 weeks of gestation is associated with intrapartum cesarean section after adjusting for maternal and fetal variables known to be associated with this outcome. There is potential to incorporate cervical length into antenatal models designed to predict intrapartum cesarean section, which will improve antenatal counseling and ultimately lead to identification of women who may benefit from interventions designed to reduce the probability of intrapartum cesarean section.
